Viral vectors based on lentiviruses, such as the human immunodeficiency virus, are able to transduce a broad spectrum of nondividing cells in vivo. This ability of lentiviral vectors makes them an attractive vehicle for gene transfer into the liver. In order to determine the requirements for efficient lentiviral gene transfer, we used a fluorescence imaging system, which allows the detection of cells and tissues that express fluorescent reporter genes (e.g., green fluorescence protein) in the living animal. We show that the latest generation of lentiviral vectors efficiently transduces the murine liver. Further analysis demonstrated that neither cell-cycle activation nor division of liver cells is a prerequisite for lentiviral gene transfer in vivo.
INTRODUCTION
Lentiviral vectors are a promising tool for gene therapy. They have been shown to transduce a broad spectrum of nondividing cells in vivo, such as neurons, retina, liver, muscle, and hematopoietic stem cells (1) (2) (3) (4) . However, it was recently reported (5) that hepatocytes are refractory to lentiviral transduction unless they progress into the cell cycle or divide. The ability to infect nondividing cells is a highly desirable feature of gene therapy vectors especially in the context of gene delivery to the liver, since most of the liver cells normally do not divide in the healthy adult. Here we describe that lentiviral vectors can efficiently transduce hepatocytes in vivo.
MATERIALS AND METHODS
Animals. Twelve-week-old female nude (Hsd:Athymic Nude-nu) mice (Harlan Sprague-Dawley, Indianapolis, IN) were used.
Virus production. A third-generation, Tat-free packaging system (6) was used to produce recombinant lentivirus. The GFP-LV (7) plasmid together with the two packaging plasmids [encoding human immunodeficiency virus (HIV) gag, pol, and rev] and the plasmid coding for VSV-G envelope were transfected into 293T(HEK) cells using the calcium phosphate method, as described (1, 8) . In brief, we transfected 24 15-cm dishes and harvested the virus by collecting the cell culture medium 24, 48, and 72 h. After filtering the collected medium through 0.45-m filters, we concentrated the virus by spinning at 68,400g for 2 h followed by a second spin (59,000g, 2.5 h at room temperature). The resulting pellet was resuspended in 200 l Hanks' buffer. The titer of lentiviral vectors was determined by measuring the amount of HIV p24 Gag antigen by ELISA (Alliance; NEN Life Science Products, Boston, MA).
In vivo fluorescence optical imaging. The fluorescence imaging setup has been described in detail (9, 10) . Briefly, a Leica stereomicroscope (Model LZ12) equipped with a mercury 50-W lamp was used with a Hamamatsu C5810 three-chip cooled color charge-coupled-device camera (Hamamatsu Photonics Systems, Hamamatsu City, Japan) attached. Excitation of green fluorescence protein (GFP) was achieved at 470 nm (using a D425/60 band-pass filter and 470 DCXR dichroic mirror). The emitted fluorescence was collected through a long-pass filter (GG475; Chroma Technology, Brattleboro, VT). Images were analyzed using Image Pro Plus 3.1 software (Media Cybernetics, Silver Springs, MD). Images were captured directly on an IBM PC or recorded on a high-resolution Sony VCR, Model SLV-R1000 (Sony, Tokyo).
Immunhistochemistry. Three weeks after injection of GFP-LV the mice were sacrificed and the livers dissected. The tissue samples were fixed in 4% paraformaldehyde in PBS overnight at 4°C, followed by an incubation for 48 h in 20% sucrose. Thereafter, the tissue was embedded in OCT (TissueTek), frozen, and sectioned on a cryostat. GFP expression was detected using a confocal laser scanning MRC1024 microscope (Bio-Rad, Hercules, CA). Analysis of 5Ј-bromo-2Ј-deoxyuridine (BrdU) incorporation into tissue sections was done using an anti-BrdU antibody (Accurate), after incubating the slides for 30 min with 2 N HCl.
Western blotting and detection of proviral DNA. Western blot analysis was performed using polyclonal antibodies to GFP (Clontech). For the detection of proviral DNA a nested PCR approach was used (11) .
RESULTS AND DISCUSSION
We used the latest generation of HIV-1-based lentiviral vectors that contain the GFP coding sequence (GFP-LV, Fig. 1A ). To enhance transgene expression and transduction of the target cells, the woodchuck hepatitis virus posttranscriptional element (WPRE) and a central polypurine tract (cppt) were included in the vectors (7, 12, 13) (Fig. 1A) . Transduction of the liver by GFP-LV was monitored in the living animal using in vivo fluorescence optical imaging (9, 10) (Fig. 1A) .
Six days after injection of GFP-LV (1 ϫ 10 9 IU) into the portal vein of nude mice (Hsd:Athymic Nude-nu), green fluorescence was detectable in the liver of the injected animals using in vivo imaging (data not shown). At day 21 all liver lobes of mice injected with GFP-LV exhibited a homogeneous green fluorescence (Figs. 1B and 1D ), but . A "nested" PCR protocol was used to detect proviral DNA using a primer pair that binds in the Alu sequences (alu) of the mouse genome and the primer binding site (pbs) of HIV-1 (shown in red), followed by a PCR amplifying the R/U5 region (green) that results in a 140-bp fragment. To confirm that only integrated proviral DNA was detected using this PCR method, an additional PCR (using r and u5) was performed with samples 1-5 without the primers of the first reaction (alu and pbs).
not in the PBS-injected control (Fig. 1C) . Intraperitoneal (ip) injection of GFP-LV also resulted in a high level of transduction of the liver and the spleen (Fig. 1F) , while in the PBS-injected controls no fluorescence was detectable (Fig. 1E) . GFP expression was detectable even 6 months after injection (not shown). Western blot analysis demonstrated a dose-dependent effect of the lentiviral vector on liver GFP expression (Fig. 1G) . In addition, inclusion of a cppt element further increased (ϳtwo-to threefold) GFP expression (Fig. 1G) . PCR analysis of proviral DNA showed vector integration in the liver 3 weeks after injection of the lentiviral vectors (Fig. 1H) .
GFP expression in the liver was further analyzed by confocal microscopy of frozen sections 21 days after GFP-LV injection. Sections of transduced livers exhibited a strong green fluorescence throughout the whole organ ( Fig. 2A) (14), which resulted in a strong labeling of dividing cells in the duodenum (Fig. 2C) . In contrast, only a small percentage (less than 1%) of all liver cells present in the sections were labeled with BrdU. No significant difference in the number of BrdU-labeled cells was observed between the PBS-and the lentivirus-injected liver. In most of the sections analyzed, the GFP-positive hepatocytes were not labeled with BrdU. Only in one (of eight) sections was colabeling with GFP and BrdU of hepatocytes observed; the BrdU-labeled cells account for less than 1% of all transduced hepatocytes (Figs. 2D and 2E ). We therefore conclude that cell cycle progression is not required for transduction of hepatocytes in vivo. To study the possible liver toxicity of lentiviral vectors, we analyzed serum alanine aminotransferase (ALT) levels in transduced animals. No significant changes in serum ALT concentrations were observed after injection of lentiviral vectors (1 ϫ 10 9 IU) into the portal vein (Fig. 2F) .
Taken together our data indicate that lentiviral vectors transduce nondividing liver cells in vivo without inducing any detectable liver damage. Using first-generation lentiviral vectors we observed efficient transduction of liver parenchymal cells (2) . The discrepancy between the results reported here and those published by Park et al. (5) is not clear but could be due to improved vector production. Additionally, the use of minimal lentivectors (third-generation self-inactivating vectors, lacking all accessory proteins) combined with WPRE and cppt elements further facilitates transgene expression in liver cells and other nondividing cells. Finally, we show that in vivo fluorescence imaging is a powerful technique to analyze transduction efficacy of viral vectors in the living animal.
